SUMMARY
Visual event-related potentials (HRPs) were obtained before, during, and after 48 hours of total sleep deprivation in fourteen volunteers. A simple flash stimulus paradigm was used to test the hypothesis that the sleep deprived brain would show changes in the amplitude and latency of the P100 component recorded from occipital regions.
In addition, it was hypothesized that the recovery function of the P10 component, which is obtained by presenting paired flashes at interstimulus values from 60 to 200 milliseconds, would be altered in the sleep deprived brain relative to baseline conditions.
The results showed that the latency, but not the amplitude of P100 was increased under the condition of sleep deprivation. Furthermore, recovery functions of P100, which are represented as the ratio of the response amplitude to the first stimulus in a pair to the response amplitude to the second stimulus in a pair as a function of the interstimulus interval, did not show a demonstrable alteration as a result of sleep deprivation.
It was concluded that the visual ERP may constitute an objective means of differentiating the state of fatigue associated with sleep deprivation from normal drowsiness that occurs during the transition from waking to sleep. Whereas drowsiness is reported to be associated with increases in amplitude of ERPs, fatigue appears to be associated with increases in latency, but not of amplitude. Cardiozol) variables. This shift in recovery peak was obtained by stimulating the subject with pairs of identical stimuli, the pairs being separated by several different interstimulus intervals. For example, pairs of clicks might be separated by intervals ranging from 10 msec to 200 msec. The recovery function is then obtained by plotting the ratio of the first response to the second response as a function of the interstimulus interval. In effect, the recovery function is a measure of how rapidly a sensory system recovers from stimulation so that it can again show a complete response.
INTRODUCTION
The recovery function of the ERP obtained under the conditions of the present study was examined as a possible electrophysiological indicator of fatigue. The main hypothesis of this study was that amplitude, latency and recovery functions of the visual ERP will distinguish the sleep-deprived state from baseline conditions, and that these measures differ from that due to drowiness per se.
METHOD

Subjects
The subjects were 14 young military enlisted men stationed at the Marine Corps and Naval Recruit
Depots, San Diego, California. Each subject. volunteered to stay in the lab for a seven-day period.
They were told that they would he required to go without sleep for three days and two nights, and that extensive testing would take place during the days.
Experimental Procedure
After sleeping in the laboratory for two nights, ERPs and ERP recovery functions were obtained on three separate testing sessions. The first was just before the 48-hour no-sleep period (B), the second was just following the period of total sleep deprivation (TD), and the third was after one night of recovery sleep (R). The test period always occurred during the period from 1000 to 1130
hours. EEG electrodes were placed at C z and 02, referenced to linked mastoids (10-20 International Electrode System). The C z lead was used to monitor background EEG activity for drowsiness, while the 02 lead was used for ERP measurements. Subjects sat on a hospital bed adjusted to the upright position.
The front surface of a Grass PS2 Photo Stimulator was placed 25 cm forward of the glabella.
A red filter was located on the surface, and a 4 mm diameter white dot was located in the middle of the red disk. Subjects were instructed to keep their eyes open and to focus on the white dot for the duration of each experimental session. The intensity of the strobe was set at 16 (approximately 19
Megalumins before the filter).
A TV monitor located at the side of the bed was focused on the subject's face and provided a means of close observation of subject's face from an adjacent room. Subjects were always aroused via an intercom or by entering the room if eye closure occurred or sudden changes appeared on the EEG. A speaker located at the foot of the bed provided an auditory signal to which the subject was to respond. The visual stimulus, on the other hand, did not require a response from the subject, but was presented to him as a "warning" that preceded the auditory stimulus by 5 seconds. Upon hearing the auditory stimulus, which was randomly ordered high or low-pitch tone occurring once every ten seconds, the subject was to press the button on the right if the tone was a high pitch and the button on the left if the tone was a low pitch. Five seconds after each tone, a flash or flash-pair occurred.
All subjects had sufficient practice with the procedure prior to the first baseline day to assure that there was no confusion when the experiment began. During the test period, a total of 360 flash pairs were presented. Amplitude: The number of microvolts at the crest relative to the beginning of the trace (at stimulus onset).
These three measurements were made on the RI and RII responses for each of the eight ISI values for each test session. The latency of RI was measured relative to the second flash in a pair. The grand oeans for the group are shown in Figures 2, 3, 4 and Table I . The figures are of the three measurements, trough latency, crest latency and amplitude as a function of ISI. Table I is a summary of the mean differences between days, with levels of significance given for each measurement.
Each measurement was averaged across ISIs within experimental days. The differences between days is a test of the main hypothesis and is summarized in Table I . Here it can be seen that there was a significant increase in trough latency and crest latency from the baseline condition (B) to the period of 48 hrs of sleep deprivation (TD). Following the sleep period, the response is seen to return to the baseline condition, as evidenced by significant increases in these mean values in the (TD-R) comparison. This return to baseline is further evidenced by the fact that there was no difference between the Baseline and Recovery measure (B-R).
The effect of sleep loss on trough latency is given in Figure 2 and Table I The same conclusion is reached for the mean trough latency of the RII response, hut interestingly, the latencies of RII are uniformly greater. The mean trough latencies across ISIs for the RII component was 104 msec on days B and R and increased significantly to about 118 msec on day Tn.
The results for crest latency are shown in Figure 3 and Table I and are similar to that for trough latency.
There is a significant increase in crest latency on day TD compared to days B and R. That conclusion holds for both responses RI and RII. As was the case for trough latencies, the greatest crest latencies were observed in the RII component. In Figure 4 and Table I are presented the amplitude of the ERP as a function of ISIs and a comparison across experimental days. In contrast to the finding for trough and crest latencies, the amplitude of this component was not significantly greater on TD than on B or R when the data were combined across ISI conditions. Individual t-tests of the amplitudes of the 0, 60, 90, 100, 110, 120, 150 and 200 ERPs ISI support the conclusion that no significant differences occur in amplitude for any of these ISIs. We conclude that amplitude of the ERP does not differentiate the sleep deprived state from the rested state. With regard to the amplitude of the F.RP, a cycle of excitability can be seen in the curves for the RIu response relative to the RI response. This is especially
TABLE I
Sumory of ERP analysis. RI is the response to the first flash of a pair, RII is the response to the second flash of a pair. Data are mean differences in msec for the latency measures and microvolts for the amplitude measures. B = Baseline day, TD) = 48 hours of total sleep deprivation, R = Recovery day after one night of sleep. ing drowsiness, but no changes in latency were found. In these studies the authors acknowledge that the responses evoked changed in complex ways so that waveform and the appearance and disappearance of individual components was also of importance. Nevertheless, the general conclusion seems to be that alterations in amplitude, but not of latency, characterizes the drowsy state.
S-TOI TO-A 3-A $-TO
In the present study, subjects had been sleep deprived for 48 hours. It was therefore natural to expect signs of drowsiness if subjects were left unattended. Every precaution was taken to insure that ERPs were obtained during periods when subjects were relatively alert and not showing signs of sleep. Given that our subjects were not being measured during drowsiness, but rather during a sleep-deprived state, we could ask the relevant question of whether that state could he distinguished from drowsiness by the visual ERP. The present evidence suggests that the distinction can be made on the basis of consideration of amplitude and latency measures. During drowsiness there appears to be a change in the amplitudes of sensory ERPs that is modality specific, but there is no apparent change in latency measures. On the other hand, the sleep-deprived brain shows an increase in latency of visual ERPs, but no apparent effect on amplitude.
To what can we attribute this shift in latency? There may be some clues in looking at other changes of state in the brain that are associated with increased latency. Age, for one, is positively correlated with visual ERP latency, at least from adult to old age, (Vasconetto, et al., 1971 ). This prolongation with age may be a result of decreased nerve conduction velocity or the loss of central neurones (Brody, 1955) .
Schizophrenia is also a condition that is reported to be associated with increased latency of the visual ERP (Floris, et al., 1967) . Latencies of ERPs may be negatively correlated with I.Q. (Ertl and Shafer, 1973), and possibly pre-anesthetic medication or light surgical anesthesia (Domino and Corssen, 1964) . A dose-dependent effect of alcohol on both background EEG and the ERP was reported by Gabbay and Lykken (1982) .
In that study, EEG slowing, along with a decrease in amplitude and increase in latency were observed. It thus appears that a cluster of conditions can he defined that are associated with increased latency. The sleep deprived brain is similar to each of these conditions on at least the aspect of increased latency. Contrast this with the reports that drowsiness does not affect latency, and perhaps an important distinction can be made. lrowsiness is a natural condition. It occurs when the circadian rhythms and environmental conditions are right for sleep.
The sleep-deprived brain, on the other hand, is not in a normal condition. As such it may be important to identify this state and distinguish it from the state of drowsiness, a distinction that may not always be clear.
In the present study the recovery functions of ERPs did not appear to have the hypothesized differentiating effect.
